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Abstract 
This work describes the development of mathematical models for radionuclides distribution and transport in the environment. 
The applicability of the models involves an integrated approach to assess quantitatively radionuclides dispersion in different 
environmental compartments, resulting from uranium tailings disposals and storages of other low-activity mining wastes. The 
outputs are the radionuclides activities in each compartment where relevant exposure end-points were selected. These data, 
complemented with an exposure scenario, allow a dose estimate as well as a quantitative environmental risk assessment. The 
models may be applied to other sites where measurements have not been made or would be impossible to make. 
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1. Introduction 
The uranium mining was active in Portugal during almost one century. The mining activities (uranium and others 
radioactive ores) ceased in 2001, leaving a considerable environmental legacy of about 13 millions of tons of 
radioactive wastes with potential physical hazards as well as potential sources for the release of hazardous substances 
(primarily radionuclides and metals) to soil, air, surface water, and groundwater. With the closure of uranium mining 
in Portugal, the environmental impact and corresponding effects on public health became a major concern, not only 
because of the huge amount of existing solid wastes near to the exploitation sites and very close to the population, but 
also due to wastewater, emission of radon, contamination of groundwater and/or surface water, erosion and soil 
contamination. 
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The uranium mining was active in Portugal during almost one century. The mining activities (uranium and others 
radioactive ores) ceased in 2001, leaving a considerable environmental legacy of about 13 millions of tons of 
radioactive wastes with potential physical hazards as well as potential sources for the release of hazardous substances 
(primarily radionuclides and metals) to soil, air, surface water, and groundwater. With the closure of uranium mining 
in Portugal, the environmental impact and corresponding effects on public health became a major concern, not only 
because of the huge amount of existing solid wastes near to the exploitation sites and very close to the population, but 
also due to wastewater, emission of radon, contamination of groundwater and/or surface water, erosion and soil 
contamination. 
This work describes the development of mathematical models for the radionuclide distribution and transport in the 
environment. The applicability of the models involves an integrated approach to assess quantitatively the radionuclides 
dispersion in different environmental compartments, resulting from uranium tailings disposals and storages of other 
low-activity mining wastes.  
Several multicompartment models were developed and adapted with the purpose to predict the activity 
concentration in predefined exposure points located in each of the compartments. The important contamination 
pathways were identified and the radionuclides of major concern were selected, within the compartments, depending 
on their on their chemical, physical and radiological properties. The model outputs are the radionuclide activities in 
each environmental compartment where relevant exposure end-points were selected. These data, complemented with 
an exposure scenario, allow a dose estimate as well as a quantitative environmental risk assessment. 
The most relevant outcomes of the models are: i) atmospheric pathway - radon release and dispersion by the wind; 
ii) underground water - release, transport and dispersion in underground water until reaching a well water supply; iii) 
transport and dispersion in superficial water - effluent discharge and transport; concentration downstream (water and 
sediments) with the distance to the discharge point; iv) transfer to the vegetation and through the food-chain – 
radionuclides concentration. 
The environmental release, dispersion, transport and fate within each environmental compartment, as well as 
transfer models, were applied to onsite available data from a former Portuguese uranium mining site (Urgeiriça) where 
the main focus of contamination was a prominent uranium tailings pile with an area of 13 hectares. Although the 
environmental rehabilitation works at this site are almost complete, many others are presently in progress or remain 
undone. 
 
 
2. Methods and materials 
2.1 Study area 
About 2.5 million tons of low level radioactive wastes were disposed in an open air area creating the largest tailings 
pile of the mining area, named the “Old Dam”, with an average height of 14 meters and an area of 13.3 hectares. This 
former mine is surrounded by small farms and country houses and most of the local population lives in a village located 
2 km from this site. Radioactivity measurements carried out at the tailings pile showed high concentrations for the 
radionuclides of the 238U decay series1. In addition, external radiation and radon concentrations were also measured 
indicating higher radiation levels compared to the background values.  
 
2.2 Radon release and dispersion by the wind velocity and frequency 
The basic equations of diffusion across a porous medium were used for estimating the radon flux from the 226Ra 
content in the tailings. The radon concentration released at a defined distance from the ground (1 meter) is estimated 
by a box model. The output from this sub-model is the starting point for the wind dispersion, simulated either 
simultaneously in each wind direction or only in the prevailing wind direction. Radon dispersion is modeled by a 
modified Gaussian plume equation. A sector approach was adopted in which the plume was taken to be uniformly 
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distributed horizontally in each sector of the wind rose. This sub-model also enables the calculation of a cover system 
to be placed over the tailings in order to attenuate the radon flux released into the atmosphere. 
 
2.3 Transport and dispersion in groundwater and superficial waters 
Radionuclides release from the tailings pile is simulated with a leaching model based on a sorption-desorption 
process. The leachate concentration is determined by the partition coefficient (describing the relative transport speed 
of the contaminant to the water existing in the pores), by the soil properties (bulk density and water content), by the 
extent of contamination, (contaminated zone thickness and area) and by the radionuclide content in the source. 
The radionuclides transport is considered to occur either in the vertical direction, through the unsaturated zone until 
an aquifer is reached, or in the horizontal direction, through the saturated zone, flowing to the considered well, where 
the contaminants could potentially become accessible to humans or other to forms of life. Radionuclides transport and 
fate in groundwater is simulated with the generic diffusion/dispersion–advection equation with radioactive decay and 
retardation. The final result is the contaminant concentration in the groundwater as function of the elapsed time at a 
defined distance from the tailings. A well water supply was considered for the exposure point. 
The hydrologic model also quantifies radionuclides transport in superficial waters which may be applied to several 
different water bodies: rivers, estuaries, coastal waters and lakes. The specific case of radionuclides discharge into 
stream waters was considered for applying the model to the study site as the liquid effluents from the uranium chemical 
treatment at Urgeiriça site used to be discharged, after treatment (neutralization and radium precipitation), into a stream 
near the contaminated site. The exposure point was considered to be located at about 2750 m downstream from the 
discharge. 
2.4 Transfer to vegetation and through the food-chain 
Modeling the radionuclide transfer to vegetation describes and quantifies the radionuclides transfer mechanisms, 
transport, absorption and translocation to vegetation with the purpose to integrate a radionuclide transfer model 
through the food chain. 
The conceptual model is based on the assumption that each one of the transfer processes may have either origin in 
air and/or in soil. In the first case, the processes involved are deposition, interception and retention. In the second case, 
the radionuclide behavior in soil and its mobilization reflects the radionuclides physics and chemical properties, soil 
properties, the type of vegetation and local hydrology and geology characteristics. Both contamination pathways were 
combined in a global model that simulates the radionuclide transfer and estimates the total radionuclides concentration 
resulting from direct deposition, root uptake and/or irrigation with the contaminated water from the well. 
Contamination of the food-chain by radionuclides released into the environment may occur by primary ingestion 
of contaminated pasture by animals followed by ingestion of contaminated animal products (dairy or meat). A dynamic 
model was developed to describe mathematically the radionuclide behavior in the pasture-cow-milk exposure route 
and predict the activity concentration in each sub-compartment. It is also possible to determine potential long-term 
radionuclides accumulations in these sub-compartments.  
The contamination processes are combined in a global model to estimate total concentration. The output 
concentration within each compartment can then be transcribed to doses values based on a simplified exposure 
pathway and a pre-defined critical group. 
 
3. Results and discussion 
For the model simulation the tailings pile was considered to have an area of 13 hectares with a 226Ra concentration 
of 12.9 kBq/kg. The radium content in the tailings was extremely heterogeneous ranging from 3.5 to 66.5 kBq/kg1 
corresponding to 7 individualized areas, therefore an area-weighted average value of 12.9 kBq/kg was adopted to 
simulate the radon generation. This radium content creates a radon flux of 5.29 Bq.m-2.s-1, if no cover-system is 
considered, leading to a concentration of 116.38 Bq/m3 at the breathing height.  
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A multi-layer cover system 5 meters thick was proposed in the rehabilitation plan to cover the tailings pile2. Model 
simulation, for this cover system, reduces the radon flux to 0.0012 Bq.m-2.s-1 which causes a radon concentration of 
0.0264 Bq/m3 at the breathing height. For atmospheric radon dispersion it was possible to dilute radon concentration 
to negligible values at about 2 km from the release point (Fig. 1a). The radon dispersion pattern with the distance to 
the tailings pile indicates that the dominant wind direction is towards Northeast (Fig. 1b). 
 
 
a)                b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Radon dispersion: (a) in each wind direction; (b) in the dominant wind direction (NE) (Bq/m3)1. 
 
 
For the radionuclides transport and dispersion in the groundwater the model was initially applied to uranium, 
thorium, radium, polonium and lead. However, only the results obtained for uranium and radium were relevant as the 
radionuclides with relatively long half-life (radium and uranium) are the ones of importance in the transport process 
due to the slow rate of contamination migration.  
Total average values for uranium and radium concentration in the well water were: 1.6 Bq/L and 0.4 Bq/L, 
respectively. These values are reached in the model within the first 30 years after the contamination reaches the 
aquifer3. It was also observed that there are two preferential directions for the underground contamination plumes, one 
for uranium and the other for radium. These two directions suggest that SW-NE direction is preferential for radium 
dispersion and that NW-SE direction is preferential for uranium dispersion. This means that, probably, there were two 
preferential contamination sources: at north for uranium (Fig. 2a) and at south for radium (Fig. 2b) 
To simulate the radionuclides transport in superficial waters, an effluent with a concentration of 960 Bq/m3 in 226Ra 
was considered to be discharged in the watercourse4. The exposure point was located at about 2750 m downstream 
from the discharge point. Radium concentration in the sediments was also estimated for the same exposure point. 
The output showed a clear decrease in radium concentration downstream as one moves further away from the 
discharge point. The output value at the exposure point was 5.46 Bq/m3. Radium concentration in the watercourse 
sediments follows the same pattern. The output value at the exposure point was 15.59 Bq/m3. Comparison of model 
outputs with measured radium concentration at the exposure point indicates that the highest values, both in water and 
sediments, do not occur at the considered discharge point but at a distance comprised between 1650 and 2750 m away 
from it. Afterwards, radium concentration decreases with the distance. These results suggest the probable existence of 
other contamination sources beside the discharged effluent. 
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a)                  b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Radionuclides plume dispersion in groundwater from the model outputs: (a) Uranium (Bq/L); (b) Radium (Bq/L)1. 
 
 
For radionuclide transfer through the food chain deposition was assumed to be the main source for pasture 
contamination. Two compartments were considered for contamination transfer: soil and pasture. The endpoints are 
radionuclides concentrations in soil, pasture, cow and milk5. 
The model outputs represent the time variation for the considered radionuclide concentration in the pasture-cow-
milk exposure pathway. The general tendency is a slow decrease of radionuclides content in each compartment 
following the maximum value achieved within 30 days: 0.040 Bq/kg for 226Ra; 0.023 Bq/kg for 210Pb and 0.280 Bq/kg 
for 210Po. One year after reaching maximum values, radionuclides content in milk decreases as5: 0.0012 Bq/kg for 
226Ra; 0.005 Bq/kg for 210Pb and is null for 210Po. 
 
4. Conclusions 
The results of the global model for selected radionuclides, using as source data the results from the site survey, 
showed reasonable high concentrations in air, soil, underground and superficial waters, vegetation and transfer through 
the food-chain for  nuclides of the 238U decay series.  
The use of an integrated model considering different possible contamination pathways allowed the preliminary 
evaluation and quantification of the extension of the site contamination by mining activities as well as the potential 
contribution from others sources to the overall contamination scenario. Comparing radionuclides concentrations or 
activities determined by the model simulations with the legal limits allow prioritizing the remediation areas or sectors. 
The models may be applied and adapted to other sites, permitting the estimation of human exposures and doses in 
situations where measurements have not been made, or would be impossible to make. 
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